Sustainability recognizes the interdependence of ecological, social, and economic systems, and nowhere is the concept of sustainability more critical than in developing nations, whose economies rely heavily on natural resources. Software for life cycle assessment (LCA) is becoming increasingly effective in evaluating the potential environmental and resource impacts of design and supply chain decisions. As more decisionmakers commit to sustainability, there is increasing pressure to incorporate economic and social considerations into LCA. In addition, it may be necessary to incorporate social impacts to ensure LCA is relevant with respect to developing countries. The degree to which social impacts have been included in LCA is briefly reviewed and metrics associated with social impacts are discussed. Input-Output analysis is introduced as a method for considering social impacts.
INTRODUCTION
Over the past few decades, the concepts of sustainability and sustainable development have emerged as humanity has become cognizant of its increasing impact on the world. The World Commission on Environment and Development (WCED) brought the concept of sustainability to a level of global prominence in Our Common Future (or the Brundtland Commission Report) and described sustainable development as meeting "the needs of the present without compromising the ability of future generations to meet their needs" [1] . The United Nations (UN) has repeatedly demonstrated its commitment to sustainability through efforts such as Agenda 21 [2] and the Millennium Development Goals [3] . Furthermore, sustainability has been integrated into the mission of numerous organizations and institutions, from local to international in scale [4] . Alternatively, sustainability can be defined as "design of human and industrial systems to ensure that humankind's use of natural resources and cycles do not lead to diminished quality of life due either to losses in future economic opportunities or to adverse impacts on social conditions, human health and the environment" [5] . The interrelationships among society, the environment, and economic/industrial development are integral to the idea of sustainability. In order to achieve sustainable development in both industrialized and developing countries, we must characterize the connections and interactions among these three "pillars" of sustainability. A balance among the pillars cannot be achieved without an adequate understanding of how societal and industrial actions affect the environment or how today's decisions may impact future generations. Therefore, increased knowledge and awareness of the issues encompassed by sustainable development is needed. Decision-makers virtually always address the economic pillar of sustainability, and over the last decade, increasing attention has been directed at the environmental pillar through attention to environmental life cycle impacts. The pillar associated with the social dimension of sustainability, however, has been almost universally ignored. Clearly, there is a need to incorporate the social dimension into life cycle assessment (LCA) to recognize its importance with respect to sustainability. In addition, the concept of corporate social responsibility (CSR) also acknowledges the importance of the social dimension of sustainability. The Brundtland report concedes the extraordinary pressure that developing countries are under to exploit their environmental resource base for economic gain. The report highlights the difficulties facing developing countries whose economies rely heavily on their natural resources. This suggests that developing countries focus largely on economic benefits, perhaps at the expense of the environment; what often does not appear to be considered, however, are the concomitant social effects, While the Brundtland definition of sustainability is widely known and generally accepted, at the very least as a starting place in constructing a definition for sustainability, a definition for corporate social responsibility has yet to be established. However, there are strong linkages between the concepts of sustainability and CSR. Many definitions of CSR include references to ethical behavior related to the environment, society, and the economy [6] . For example, as the International Organization for Standardization (ISO) Advisory Group on Social Responsibility began the ground work for ISO 26000, which will provide guidelines for social responsibility and is set to launch in 2008, it adopted this definition of organizational social responsibility: "a balanced approach for organizations to address economic, social and environmental issues in a way that aims to benefit people, communities and society" [6] . Another recurring element of CSR is conducting business in a way that is consistent with the morals and values of society, but "not necessarily required by law" [7] . The degree to which an institution exceeds legal expectations reflects its approach to corporate social responsibility. Winsor [8] discusses three theoretical approaches to CSR -economic, ethical, and corporate citizenship. An economic CSR perspective is characterized by financial responsibility, customary ethics, and limited public policy. An ethical approach to CSR displays self-restraint and altruism with an expansive public policy. The corporate citizenship conception of CSR is typified by a multinational enterprise focused on tactically cultivating political influence and corporate reputation across several legal jurisdictions. To clarify, this approach has qualities of both the ethical and economic approaches, but is not a synthesis of them; it has qualities independent of them. Globalization and outsourcing have increased the complexity of supply chains and the amount of interaction between industrialized and developing countries. Developing countries are often challenged with meeting their most basic needs (e.g., clean drinking water and sanitation) and are beset with fundamental health challenges related to nutrition, vaccinations, shelter, and heat. As a result, decision-making practices that emphasize solely economic and environmental impacts fail to capture the fundamental issues in developing countries (e.g., need for equity, education, and infrastructure). Political and industrial institutions from the developed world that interact with these countries have an ethical responsibility to consider the social implications of their decisions. The call for sustainability increases a company's responsibility to include not only its own processes, but also the activities of its suppliers, their suppliers, and users. Therefore, a company seeking to operate in accord with the principles of sustainability or taking an ethical or citizenship approach to corporate social responsibility must consider its entire supply chain, "not just those links which belong to its own sphere of legal responsibility" [9] . Addressing sustainability and CSR (as commonly defined) requires consideration of environmental, economic, and social impacts throughout the life cycle of the product. To ensure that more environmentally and socially responsible decisions are made, decision-makers require tools that facilitate a more complete understanding of potential impacts. The systems approach of life cycle thinking allows a company to identify areas that have significant impacts and problem shifting -when impact reductions in one element of a product's life cycle result in increased impacts in others. The next section reviews sustainability as it applies to life cycle issues. Several measures or indicators of performance with respect to the social dimension are then discussed. Input-output analysis is introduced as a method to incorporate measures of social performance into life cycle decision making. A simple example is presented to illustrate how input-output modeling may be used to consider the social dimension of sustainability. The paper concludes with a brief summary and recommendations for further work.
SUSTAINABLE LIFE CYCLE DESIGN
The life cycle of a product or service spans across raw material extraction, material processing, manufacturing, distribution, use, and disposal options (e.g., recycling) as shown in Figure 1 . The boundary, shown with a dashed line, identifies the processes to be examined via a life cycle assessment; the bounded region specifies the spatial or temporal domain that is to be considered. The energy, material and additional goods entering the bounded region and the emissions exiting are tallied in the life cycle inventory described in the next section. A life cycle assessment can provide information related to the impacts of the product or service (i.e., environmental, economic, and social). Some of these impacts may be outside the sphere of a business's direct control, but not outside its sphere of indirect control. As noted above, pursuit of sustainability requires an inclusive view of impacts throughout the life cycle. Environmental life cycle assessment (ELCA) is becoming an increasingly effective tool for determining ecological impacts. Life cycle costing (LCC), though not fully developed, seems a likely candidate to address the economic impacts of products and services across their life cycle. A few attempts have been made to construct social life cycle assessment (SLCA) tools, which integrate social impacts into LCA, but this pillar of sustainability is surely the most weakly supported by life cycle tools. 
Life Cycle Assessment
ISO 14040-14043 establishes the methods for considering the environmental impacts of a product or service throughout its life cycle. This framework consists of four fundamental steps: goal and scope definition, life cycle inventory analysis, life cycle impact assessment, and interpretation [10] . The goal puts forth the purpose and intended audience of the results of the LCA study. During scope definition, systems boundaries are selected to ensure adequate breadth, depth, and detail to support the goal. The purpose of the inventory analysis is to quantify the relevant inputs and outputs of the product system (e.g., resources and emissions). The impact assessment typically involves identifying categories of environmental impacts (e.g., ozone depletion, smog formation, and acidification), classifying inventory data into these categories, and attempting to understand the environmental impacts associated with these categories. Figure 2 shows how impacts could be categorized. This example is hierarchical with three levels of categorization.
The most general categories are on the left and specific environmental impacts associated with the categories on the right. The interpretation phase of ELCA, is based on the previous steps and consists of the following elements: 1. identification of significant impacts or impact categories of the product or service, 2. evaluation of the completeness, sensitivity, and consistency of the assessment, and 3. conclusions and recommendations [11] . [12] ) Scientists have successfully developed many models and tools describing the impact pathway -the causal relationships between the emission of a substance and impacts on various entities (e.g., the ozone, ecosystems, and humans) [13] . This knowledge makes the conversion of data from the life cycle inventory to the life cycle impact assessment possible. Figure 3 shows the range of spatial scales that may be considered in ELCA, with examples of impacts at each scale. Knowledge of the effects of pollution has grown in breadth and depth over the last century. Initial pollution management and research focused on the regional level [5] . Because issues such as bio-accumulative persistent toxicity and global climate change are better understood, impact pathways that are spatially and temporally broader than in the past may be considered. Understanding the transport mechanism between emissions and impacts has also been useful in establishing emission control and compliance strategies.
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Ozone Depletion Global Warming Figure 3 : Environmental Impact Transport Across Scales The ISO life cycle standard provides a useful tool to facilitate consideration of the broader impacts of industrial activity and decisions. However, the scope of life cycle assessment has generally been limited to environmental impacts. In order to address sustainability, economic and social issues must also be considered.
Life Cycle Costing
The Society of Environmental Toxicology and ChemistryEurope's working group on life cycle costing has defined it as "an assessment of all costs associated with the life cycle of a product that are directly covered by any one or more of the actors in the product life cycle (supplier, producer, user/consumer, end-of-life actor), with complimentary inclusion of externalities that are anticipated to be internalized in the decision-relevant future" [14] . This definition is somewhat broader and more applicable to sustainability than previous definitions [15] . Traditionally, LCC has been performed from the perspective of a corporate or consumer decision-maker and the focus has been on direct costs and benefits. By including "complementary externalities," less tangible or hidden costs may be introduced. These costs may or may not have been included as "overheads" in conventional cost accounting; however, citing them specifically through LCC facilitates greater understanding of their relationship to the product or service being provided. When using ELCA in conjunction with LCC, care should be taken to ensure impacts are not "double counted" as environmental impacts and externalities.
Social Dimension of LCA
There has been a global movement toward increased use and relevance of LCA [16] . The United Nations Environmental Program (UNEP) has partnered with the Society of Environmental Toxicology and Chemistry (SETAC) in a Life Cycle Initiative. The mission of the initiative is "to develop and disseminate practical tools for evaluating the opportunities, risks, and trade-offs associated with products and services over their entire life cycle to achieve sustainable development" [16] . Specific goals include: increasing and improving application of life cycle approaches, increasing the access to and quality of LCI databases, and evaluating environmental impacts through task forces oriented toward experiencesharing/guidance and practice/training. Recently, members of this initiative determined that socio-economic aspects should be included in life cycle management [17] . To support this goal, the members believe social scientists should be involved in the effort and a survey of socio-economic indicators is necessary. Furthermore, the initiative has proposed a number of "cross-cutting" task forces, the aim of which is to address issues that have been identified as relevant in the overall user needs assessment and concern more than one program. Interestingly, only one cross-cutting task force has been instituted -its objective is integrating social aspects in LCA. There have been a few efforts toward integrating social aspects into a life cycle format in the past decade. Most notable are O'Brien et al. [18] and Dreyer et al. [19] . The approach of O'Brien et al., supplements ELCA by identifying social and political factors that contribute to environmental issues. One of the key elements of this approach is analyzing the environmental inventory and impacts to determine the "controls over, organization of and actions in the life cycle" [18] . In this way, the connection between environmental impacts and social, cultural, and political structures are emphasized. The framework suggested by Dreyer et al. [19] , seeks to become a corporate decision-making tool and addresses the impacts of products and services on people, specifically promoting human health, human dignity, and basic needs fulfillment. The authors advocate use of a two-tiered approach, including an obligatory portion guided by universal and local/country norms (e.g., International Labour Organization Conventions, national environmental regulations) and an optional portion, which would allow parameters of special interest or relevance to be incorporated. Subjectivity related to the inclusion of social impacts would be revealed by leveraging the emphasis on transparency within the ISO ELCA framework. The methodology recognizes that the depth and breadth of LCA studies may vary widely, but requires appropriate documentation of the information underlying the LCA (e.g., assumptions, data sources and quality). One of the challenges associated with integrating the environmental, economic, and social dimensions into a life cycle framework is clarifying the boundaries between related impacts [9, 17, 20] . For example, if a manufacturing facility were to employ a pollution prevention technology that significantly reduced the amount of carcinogens being released from the facility, there would be some questions regarding the distribution of impacts among environmental, economic, and social categories. The change in carcinogens in the environment would be linked to corresponding changes in human health (a social concern). Furthermore, the changes in human health would be linked to changes in health care cost (an economic concern). Would the improved vitality of the environment be best categorized as an environmental or social impact? Would lost wages due to illness be categorized as a social or economic concern? In considering the social impacts of corporate actions, Figure 4 shows the interaction between a company and its stakeholders. The company provides its employees with wages, and the employees, in turn, provide the company with labor, skill, and/or expertise. The company may also positively impact its employees (and their families) by providing health care, child care, and education. The basic exchange between a company and its suppliers is money for goods. There may also be opportunities for each of the stakeholders to have a role in guiding the values of the company (likewise, the company may help shape the values of its stakeholders). For example, if a large company were to require a certain level of social responsibility from its suppliers, there would be increased incentive for members of this industrial sector to compete to reach this level of social responsibility. The community and larger society may establish laws and regulations that must be met by the company. The company may contribute taxes, infrastructure, or philanthropic gifts to these outside stakeholders. Owners (or shareholders) invest financial capital in the company and the company may return some funds in the form of profits (or dividends). The social issues associated with ownership include financial accountability. Recent examples where companies have displayed a lack of social responsibility to the owners include activities at Enron, ImClone, and Global Crossing. Identifying the boundary condition for an assessment of social impacts is important because of the linkages between scales. For example, identifying a correlation between educational, on-site child-care and improved literacy rates among employee's children would be possible with adequate data resources. However, the impact pathway from corporate taxes to improvements in national literacy rates is complex at best and indiscernible at worst. There is considerable need for better understanding of the causal relationships between corporate activities and social impacts in the greater society, in order to fully operationalize a social life cycle assessment. Performance of a Company Social Sustainability Indicators A consensus has not been reached regarding the measurement of sustainability. Parris and Kates [21] reviewed 12 efforts to define indicators of sustainability, ranging in scale from global (e.g., UN Commission on Sustainable Development) to local (e.g., the Boston Indicators Project). The initiatives identified from 6 to 255 indicators of sustainability. In pursuit of social sustainability criteria, Labuschagne and Brent [22] reviewed 31 frameworks, guidelines, and standards related to social impact assessment, corporate social responsibility, and other formal applications of the societal/business relationship. The authors developed a framework to assess social sustainability, which was validated through the Delphi Technique. The framework was then applied to three case studies. The primary finding of this work was that the calculation of all social indicators was not possible due to a lack of data. The United Nations Division for Sustainable Development (UNDSD) has adopted a theme/sub-theme framework for organizing and selecting indicators of sustainable development [23] . This framework classifies indicators first by the primary dimension of sustainable development (e.g., social), then by theme (e.g., education), and finally by sub-theme (e.g., literacy). Figure 5 shows the themes associated with social sustainability (far left column), subthemes for health, and indicators for mortality (far right column). Noting the correspondence between this illustration and Figure 2 , this framework may lend itself to the categorization within the life cycle inventory and life cycle impact phases of a LCA. Additionally, reports from the Human Development Report Office of UNEP provide data for the indicators for many countries. 
Product
MODELING SOCIAL IMPACTS WITH ECONOMIC INPUT-OUTPUT ANALYSIS
Integrating the social dimension within life cycle analysis poses a significant challenge. One issue is that of definition -which social impacts or indicators should be considered within a social LCA? Dreyer et al., [19] navigate this issue with obligatory and optional components in SLCA. The obligatory portion of the SLCA is dictated by norms, whereas the optional portion allows decision-makers to select parameters reflective of their and their stake holder's, needs. Another noteworthy issue is that of data availability and complexity. For example, consider a company that is interested in promoting education, specifically, improving literacy rates, through improvements in the supply chain. Literacy rate data would need to be identified, and the spatial specificity of this data would need to be considered. Secondly, the impact pathway between suppliers and change in social indicators is difficult to discern. These concerns are not limited to social LCA; environmental LCA faces similar difficulties. Economic input-output modeling has been useful in mitigating these obstacles for some applications.
Input-Output Modeling
Leontief [24] received a Nobel Prize for his work in describing economic systems using input-output models.
An input-output representation may be used to describe the monetary flows to/from industrial sectors in response to incremental changes in the demands on an economy. Input-output models have been established for economies at a variety of spatial scales (e.g., national, regional, and local) to understand the impact on the participating industrial sectors. Recently, the methodology has been used to predict the environmental effects (e.g., CO2 emissions, effluent discharges, and solid waste outputs) associated with a change in demands [25] . Duchin [26] has examined the impacts of structural changes on inputoutput models, for example, impacts of less polluting techniques for generating energy. Input-output modeling may also be used to characterize the effects of changes in economic demands on social indicators.
One potential application of input-output modeling is assessing the effect of a change in a supply-chain on the resulting life cycle economic, environmental, and social performance. In the context of this paper, emphasis will be placed on social indicators. For example, imagine that a company is considering changing the supplier that provides a certain component. In this era of global outsourcing, it may be that the original supplier is within one country, and the potential new supplier is from a different country. To demonstrate the effect of such a change on social performance, consider the following simple relationship: (1) suggests a relatively simple relation between the input and outputthis relation may be extended to consider multiple inputs and outputs.
Example of Input-Output Modeling of Social Impacts
To employ the relationship presented in Eq. (1), the first step is to establish a model that relates a social indicator to the economic flow. It should also be noted the GDP is given in purchasing power parity (PPP) in United States currency ($US). This approximates the exchange rate required to equalize the purchasing power of different currencies, given the cost of living for the countries under consideration. (national data as reported in [27] ) Based on the illustrated data, the following model was established to characterize the infant mortality indicator:
where S is the infant mortality in deaths per 1000 live births and M is the GDP per capita. The "fit" of the equation, or 2 R , is 0.7602. Of course, alternative forms for Eq. (2) may be created and further analysis is possible using other sources, including the regional and national level development reports published by the United Nations. As previously shown in Figure 5 , infant mortality is an indicator categorized within the health theme and mortality sub-theme of the sustainability indicators framework as adopted by the UNDSD. This framework is reasonably well suited for integration into the current ISO methodology for environmental life cycle analysisproviding an opportunity for preliminary consideration of social, as well as environmental, impacts. With Eq. (2) established, it may now be used in concert with Eq. (1) to predict the effects of a change in the supply chain. As an example, let us consider a situation where a company has a U.S. supplier that provides $100M worth of components. It is desired to understand the social impact if a supplier from Mexico is used as an alternative. The populations for the US and Mexico are 292.6 and 104.3 million and the corresponding GDPs per capita, j M and i M , are given as $37,562 and $9,168, respectively [17] . The birthrates (per 1000 people) for the two countries were 14.14 and 21.01 in 2005 [28] . This data was used to estimate the total number of births in 2003 -4.137 and 2.191 million births in the US and Mexico. Using Eq. (2), the initial infant mortality rates predicated for the U.S. and Mexico are 4.030 and 14.30, and the total number of infant deaths would be 16,675 and 31,337. For the situation described above, the change in the economic flows for the U.S. and Mexico, assuming the current exchange rate reflects purchasing power parity, translate into new predicted infant mortality rates of 4.030 and 14.29. The US infant mortality rate remains unchanged because a loss of $100M reflects only a 0.0009% change in GDP. In summary, the change in suppliers, and the resulting changes in GDP, will hypothetically result in a reduction of three infant deaths.
SUMMARY AND CONCLUSIONS
The concept of sustainability emphasizes the interrelationships among ecological, social, and economic systems. Until recently, the social dimension of sustainability has largely been held in abeyance. The need for sustainable development and the push for corporate social responsibility are driving the establishment of decision-making tools directed at social impacts. Currently, a number of organizations and individuals are attempting to establish measures or indicators of social performance. Environmental life cycle assessment is becoming increasingly effective in evaluating the potential ecological impacts of design and supply chain decisions. Life cycle costing is focused on determining the total cost, possibly including externalities, of goods and services. To complete the suite of sustainable life cycle tools and make LCA relevant to developing countries, a social life cycle assessment is needed. Input-output analysis is one method that could be used to incorporate societal impacts into decision making from a life cycle perspective. In this paper input-output analysis has been introduced and employed as a technique for guiding supply chain and outsourcing decisions. Specifically, an example has been provided that considers infant mortality rate as a function of GDP per capita. Through the example, a social indicator has been linked to a supply chain decision. This paper has contributed to the growing discussion on incorporating the social dimension into life cycle assessment. To fully integrate social considerations into life cycle assessment, much work remains to be completed. The impact pathways for social impacts must be characterized. This includes identifying the critical variables and establishing the conditions under which the models are valid. Only through a better understanding of the linkages between business and society can we make progress on the path to sustainability.
